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Abstract
The d:velopment of a moment-method model for wire objects in an infinite chiral medium is
described. In this work, the Numerical Electromagnetics Code (NEC) was extended by including
a new integral-equation kemnel obtained from the dyadic Green's function for an infinite chiral
medium. The NEC moment-method treatment using point matching and a three-term sinusoidal
current expansion was adapted to the case of a chiral medium. Examples of current distributions
:.hnd radiation patterns for simple antennas are presented, and the validation of the code is
iscussed.

Introduction

Interest has been growing recently in the uses and behavior of chiral media in eleciromagaetic
apﬁlications. Chiral media can be thought of as ordinary media in which are distributed small
helices of either right-hand or left-hand rotation. As a result, wives with linear polarization cannot
propagate, and saves with right- or left-hand circular polarization propagate differently in the
medium. The pertinent canonical problems were formulated sometime ago [Bassiri, Engheta and
Papas (1986), Lakhtakia, Varadan and Varadan (1986)], e.g. point-source radiation, wave
propagation and scattering. Interest is growing in more practical problems due to the advent of
chiral composites and research is being conducted for chirality might be exploited in
electromagnetic design. Research in chiral media has made continued progress in developing
analytical tools for understanding fundamental electromagnetic behavior [e.g., Lakhtakia, Varadan
and Varadan (1989), Lakhtakia (1990), Lakhtakia, Varadan and Varadan (1990), Uslenghi (1990),
Lakhtakia, (1991), Engheta, Pelet and Li (1991)) but the results thereof remain of somewhat
limited applicability. In order to analyze the behavior of complex radiators in chiral media it is
necessary to resort to numerical techniques such as the integral-equation models (e.g., like NEC)
that have become routine tools for many years in analyzing radiation and scattering in achiral
media.

In this paper, extension of NEC [Burke and Poggio ('981)] to model arbitrary wire objects in
chiral media is briefly summarized, continuing work described elsewhere [Bhattachaiyya (1990),
Bhattacharyya, Burke and Miller (1992a), (lg9Zb)]. First, a new kemel is implemented in the
Electric-Field Integral Equation (EFIE) for thin wires, starting from the dyadic Green's function
for a chiral medium. Then the solution of this equation using point-matching and a three-term
sinusoidal current expansion is developed. Finally, examples are shown of the solutions obtained
for typical dipole and loop antennas operating in chiral media to demonstrate the effects of chirulity
on current distributions and impedance.

Formulation of the LFIE for Chiral Media
The EFIE for chiral media is conveniently formulated by starting with the dyadic Green's function
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for an infinite chiral medium, one form of which is given by Bassiri (1990) (dyadic quantities are
outlined and vectors are boldface)

r Loxv + Loy | Lxvs Lvw )i
. )= W4 ~—DOXV 4 =— n— —OpxXVY + —
where
hi-k? hi - k?
o AN L i
hi-hy hi~h;

and h| and hy are the wavenumbers for right- and left-hand circularly-polarized waves in the

medium as given by
hy 2= 2opy++/ (opy?+ K.

The chirality constant y determines the degree of chirality of the medium, and k = wVpe where
and € are the medium permeability and permittivity respectively.

The electric field at a point r due to a current disaibution J(r) is given by
E(r) =jcopj]l'(r,r')~J(r‘)dV'

so that an integral equation for the current can be derived in the usual way using the thin-wire
approximation. We thus obtain

joop jc( )l(s')&-r(r.r,')-é'ds' =-s-E™(r), r € C(s) Q)

where s and s’ are unti vectors tangent to the wire axis at observation point s and source point s' respectively.

By letting r represent a point on the wire axis at s while ry' is a point on the wire surface at s', the
roblem of the singularity in the Green's function is avoided for the thin wire. The incident field,
INC_ may be an incident wave or a localized field due to a voltage source.

Numerical Solution of thc EFIE for Chiral Media

NEC was used as a starting point for developing a code for wires in chiral media, since much of
the present code can be used. For modeling wires, NEC emplnys point matching and a three-term
sinusoidal current expansion, which on segmerit i has the form

Ii(s) = Aj + Bjsinlky(s - 5;)) + Cicos[kg(s - 5], Is - 5i! S A2 (3)
where Aj is the segment length. Continuity conditions are imposed on current and its derivative 0
obtain basis functions ¢:xtending over three segments rith the shape of a B-spline. For ordinary

media, k¢ is set equal to the wave number in the medium, but for the chiral medium a different
choice is made as indicated below.
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Extension of NEC to chiral media is simplified by noting that, expect for the ®xV terms, Eq. (1)
has the form of the free-space Green's function for two separate wave numbers k] and h2. Hence,
much of the existing NEC can be used. However, the fields due to the sin(kgs) and cos(kgs) terms
in Eq. (3) now involve addition integrals that must be evaluated numerically or by series
approximation because closed-form expressions are not available. For wavenumnber k| and using

sin(k,s
=1 )
cos(k,s)
for the current on a segment extending from -8 to +3 on the z axis, the p and z components of the
electric field are given by

_ =inlp [ sinkgz’ o ~2a+JkR
Ep(p,n-—{(mksz.ll -2 25

cosk,z' e ’R]s 2 .2 5(sink,z' SRR
+k -sink,z'](z z') R (ki k’)j—a cosk.z (z-2") R dz 4)

and

E.(p.2) =:J.11_19. (Si"ksz.) -2 1+jkR & (cosksz') ¢ kiR)®
T Ak | Leosk R \-sikz')] R |,

8/ *\ -ik;R
2 2, ([ sinkgz' Je"
H k')j-a(cosk,z')—R—dz} ®)

where R = V[p2 + (z - 2')2). By successively using x| = h] and k{ = h3 in the above equations,
the electric fields of a current source in a chiral medium are added to obtain the total field. The
terms involving mxV in Eq. (1) have the form of the magnetic field of a current filament in an
achiral medium, so their evaluation also can use the existing code. These terms are not needed for
wire objects lying in a plane, however. Note that for an ordinary medium, kg is set equal to the
medium wavenumber k, so that the integrals in Eqs. (4) and (5) drop out.

ﬁeutzrtimum choice for k¢ in Ey. (3) is not as clear as for a wire in a chiral medium as in the
achiral case. Experience with modeling wires in chiral media has shown [Bhattacharyya, Burke
and Miller (1992a), Bhattacharyya, Burke and Miller (1992a)] that the current travels along the
wire with a propagation constant approximately */(h]hz). but wi‘t)v somewhat smaller phase
constant and increased attenuation. Hence, kg is usually set equal to V(hih2). The alternate value
ks = max(h|,h7) has also been used, and gives results vzry close to the former choice as long as
lkgA;l « 1 for all segments on the wires. This result shows that the solution can converge to the
correct result independent of the choice of kg 8o long as the basis function is able to accurately
enough represent the actual current. In fact, Eq. (3) becounes approximately a quadratic function of
s when lky4,l « 1.
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Results for Wire Antennas in Chiral Media

The chiral version of NEC (CHNEC), based on the analytical and numerical treatment discussed
above, has been tested for problems involving an infinite chiral medium as well as for a vertical
dipole located near a chiral half space, a problem discussed elsewhere [Bhattacharyya, Burke and
Miller (1992b)]. Results obtained from CHNEC have been checked in various ways, some of
which are reported here. The radiadon resistance of a short dipole antenna in an infinite chiral
medium was found to be in good agreement with the result in  taking into account that a constant
current is assumed in the latter while the CHNEC solution yields a natural triangular current
distribution. The current on a 6A( dipole is shown in Fig. 1, and is close to that presented by
Jaggard et. al. (1991) except for an unexplained difference in the current magnitude. As separate
checks, for both the shon dipole and the 6i( dipole, the total radiated power as obtained by
integrating the radiated field from CHNEC was found agreed to within 1 percent of the computed
input power. Note that reference here to object size in wavelengths is with respect to the
achiral-medium situation, i.e., when y= .

Tire current magnitude on a 30-wavelength long wire is plotted in Fig. 2 for chirality y = 0.01 with
the wire radius "a" a parameter. The wire is excited one-quarter wavelength from the left end and
is resistively loaded at the right to reduce end reflections. As wire radius increases, we note an
increased attenuation of the current. This behavior is observed in achiral media as an increase in
the radiation resistance of a dipole with increasing radius. In this case, however, we observe two
different atenuation regions. One begins at the feedpoint and is a region of higher attenuation the
value of which seems to te dependent on wire radius. The other region is seen further out when
the current has decayed adequately and where lower attenuation occurs, the value of which seems
to be independent of wire radius. It is apparent that there is a change in the propagation
characternistic of the current between these two regimes.

This ij made more apparent in Fig. 3 by plotting both he magnitude and phase of the current for a
= 10-%)' There we see that the wavelength associated with the high-attenuation rate is much
shorter than that for the low-attenuation rate. In each region, the wavelength is longer than A,
indicating that both are what is called a "fastwave" region. Further evidence for the fastwave
near-source current is provided in Fig. 4 where the attenuation (—a) and phase (1jB) constants are
plotted versus chirality for two difterent values of wire radius for the near-source current as
obtained from estimating the wavenumber from the current on & 6A() wire. The CHNEC results
are found to agree well with those obtained from evaluating the pole in the current spectrum of an
infinite cylindrical antenna [Bhattacharyya, Burke and Miller (1992c)j.

The input impedance of a center-fed dipole is shown as a funcion of chirality for a medium having
€ = 2.56 and p,; = 1.0 for lengths of 0.5A and 1.0A in Fiﬁ' 5. The half-wave dipole is "tuned”
through resonance, a phenomenon also produced for the full-wave dipole at a slighuy greater value
of chirality. These results seem to indicate the possibility of tuning antennas embedded in chiral
media or possibly plated on chiral substrates if the chirality can be controlled.

Cur concluding results in Fig. 6 are fo. the input impedance of a loop antenna in a medium having
€ = 2.56 and yi; = 1.0 as a function of chirality for antenna circumferences of 0.5A, 1.0A, 1.6,
and 5.03X. In each case, the changing chirality produces oscillations in the input impedance, but
which cannot be accurately described as resonances at least in the sense that the reactance does not
nlwa{.s change sign. For the loop as well, it arpcars as though ,were the chirality of the medium in
which the antenna is embedded t0 be controllable, that some degree of control could be produced

over its input impedance.
Concluding Comments

We have demonstrated extension of NEC, implemented in a mode! called CHNEC, to the problem
of modeling wire objects located in infinite, chiral media. Although attention here v-as limited to
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simple dipoles and loops excited as antennas, CHNEC is now applicable to the same kinds of wire
objects, e.g., non-planar wire configurations and wire mesh approximatons to solid surfaces, as
is NEC itself. Furthermore, work is undsrway to extend the present interface treatment in
CHNEQC, presently limited ro vertical wires over a chiral halfspace, to the same kinds of halfspace
lems as NEC now handles for achiral media. Validation of CHNEC has been accomplished
using power-conservation checks, wavenumber cormparison with infinite-antenna sclutions,
and comparison with other chiral results. Having the general kind of modeling capability
represented by CHNEC means that we are now able to explore how chirality might modify the
characteristics of antennas and scatterers located in or near chiral media for various design

purposes.
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"® o Fig. 1. Current on a dipole antenna
_g of length 6A( and radius 10-%Ag in a
-3¢ a. chiral medium having € = y; = 1.0
and yng = 1.0, modeled using
--100 CHNEC and 121 segments. The

current magmtude is shown as a solid
F-15e line and the phase as a dashed line.
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Fig. 2. Current magnitude on a 30Ag wire with wire radius "a" a parameter for a chiality of ¥ =
0.01. The faster-decay slope that starts at the source may be seen to depend on wire radius, while
the slower-decay region, when it is present, is apparently independent of radius.
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l'-“ng. 3. The current magnitude (solid line) and phase (dashed line) on a 30A( wire for a chirality 7y
= (.01 and a wire radius of a = 10-%A(. The effective wavelength, as measured by the current
phase progression with distance, can be seen to change from a value somewhat longer than AQ o

onc much longer than Ag at about the wire midpoint. The distance of this transition region depends
on the wire radius, as seen in Fig. 2.
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Fig. 4. The attenuation (—a) and phase (jf) constants on » wire as determined from the poles in
the infinite antenna current spectrum (the solid line) and as esdmated from CHNEC for a wire
are shown as a function of chirality. The good agreement between these two results provides
mutual validation for both. ’Vote that these propagation constants apply to the near-source region

of Figs. 2 and 3.
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of chirality. Chirality can evidently be used to "tune" a dipole through resonance.
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